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We established the number of Si 2p photoelectrons emanating from a Si~100! substrate covered with
a silicon–oxide film as a function of azimuthal and polar angles using the oxide film thickness as
a parameter. The elastic and inelastic scattering cross sections of Si 2p photoelectrons in silicon
oxide were deduced by reproducing the experimental results with Monte Carlo simulation for the
path of Si 2p photoelectrons in silicon oxide. Based on the simulation, we found that the elastic
scattering of Si 2p photoelectrons in silicon oxide could effectively be neglected in several specific
directions. We also found that an emitting direction different to these specific directions is
indispensable when precisely determining the thickness using XPS with a large receiving angle.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1616204#Some previous studies on silicon oxide film, such as
those on the early stages of Si oxidation and SiO2 /Si inter-
face structures, have been done using Si 2p photoelectron
spectra measured with x-ray photoelectron spectroscopy
~XPS!.1–5 Analyses of Si 2p photoelectron spectra have
widely been used to determine the thickness of the silicon
oxide film because oxidized Si can be distinguished nonde-
structively from nonoxidized Si. However, the values re-
ported, such as the photoelectron attenuation length of Si 2p
photoelectrons in silicon oxide, have varied markedly al-
though this is an essential parameter in determining oxide
film thickness with XPS.6–9 This is because the Si 2p pho-
toelectron intensity has a large angle dependence that is
caused by the diffraction or interference between the primary
photoelectron wave and the secondary electron wave, elasti-
cally scattered by crystal lattices.7,10 We recently found that
the elastic scattering of Si 2p photoelectrons in silicon oxide
as well as in crystalline Si must be considered in explaining
the dependence of Si 2p photoelectron intensity on the
azimuthal-angle for a Si~100! or Si~111! substrate covered
with a SiO2 thin film.11,12 A methodology to precisely deter-
mine oxide film thickness using XPS was proposed by Lu
et al.9 They found through experiments that they could sup-
press the effects of photoelectron diffraction on photoelec-
tron intensity by using the large receiving angle ~28°! of a
photoelectron energy analyzer. It is therefore necessary to
state the efficiency of the proposed methodology through
quantitatively understanding the effects of elastic scattering
of Si 2p photoelectrons in silicon oxide on the Si 2p photo-
electron spectral intensity.
Extremely uniform oxide films, which were essential in
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V cm n-type Si layer epitaxially grown on a Si~100! surface
was treated in 0.5% hydrofluoric acid solution to derive an
atomically flat Si surface terminated with hydrogen ~H!. Sec-
ond, to preserve the atomic-scale flatness of the H-terminated
Si~100! surface, back-bond oxidation was done to form a
preoxide with a thickness of 0.3 nm. The back-bond oxida-
tion was done in a dry oxygen ambient at 4 Torr and 300 °C,
which prevented the Si–H bonds from being broken.13
Through this preoxide, oxidation was done in 1-Torr-dry
oxygen at 600–880 °C to form an oxide with a thickness of
about 1.8 nm. An area with a diameter of 20 mm in the
middle of the Si substrate was optically heated with a halo-
gen lamp, and the center of this heated region was used to
measure the photoelectron spectra.
We measured Si 2p photoelectron spectra with the
ESCA-300, which is a highly sensitive, high-resolution pho-
toelectron spectrometer equipped with a monochromatic
Al Ka radiation source.14 We set the electron receiving angle
of the electron energy analyzer ~g! at 2°. The direction of
photoelectron emission from the surface of crystalline Si into
the vacuum is expressed through azimuthal angle ~f! and
polar angle ~u!, both of which are defined as angles with
respect to crystal orientation.
The thickness of oxide film (Tox) was determined
through the following equation:
Tox5Lox sin u ln@~Y sLsns /Y oxLoxnox!
3$~NO1NI !/NS11%# ,
where NS, NO, and NI represent the respective spectral in-
tensities of Si 2p photoelectrons that are emitted from the Si
substrate, SiO2 , and the intermediate oxidation states15–17 of
Si. ns(nox), Ls(Lox), and Y s(Y ox) represent the respective2 © 2003 American Institute of Physics
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3423Appl. Phys. Lett., Vol. 83, No. 16, 20 October 2003 Takahashi et al.density of Si atoms in the Si substrate (SiO2), the electron
attenuation length of Si 2p photoelectrons in Si (SiO2), and
the yield of Si 2p photoelectrons in Si (SiO2). The respec-
tive atomic density, electron attenuation length, and photo-
electron yield of intermediate oxidation states of Si are as-
sumed to be equal to nox , Lox and Y ox . In the present
analyses, we used the following values:
~1! 531028 m23 for ns and 2.2831028 m23 for nox ,18
~2! 2.11 nm for Ls ,9 and
~3! 0.59 for Y s and 0.69 for Y ox .9
The values for Lox ~3.80 nm! and u ~52°! will be pre-
sented in a later discussion. The other experimental details
and analytical procedures for the Si 2p photoelectron spectra
are described elsewhere.17
Figure 1 shows the number of Si 2p photoelectrons
emitted from H-terminated Si~100! and from Si~100! covered
with 0.6, 1.2, or 1.8 nm thick silicon oxide films as a func-
tion of f varied from 260° to 60° with u fixed at 35° @Fig.
1~a!#, and as a function of u varied from 0° to 90° with f
fixed at 45° @Fig. 1~b!#. The change we observed in the num-
ber of Si 2p photoelectrons as a function of f or u is referred
to as an interference pattern generated by so-called photo-
electron diffraction from Si substrates. Figures 1~a! and 1~b!
reveal that Si 2p photoelectron spectral intensity decreases as
oxide film thickness increases. This is because some of the
Si 2p photoelectrons emitted from the Si~100! surfaces lose
their energy due to inelastic scattering in silicon oxide. We
also found that the interference pattern became more indis-
tinguishable as oxide film thickness increased. This is be-
cause Si 2p photoelectrons emitted from the Si~100! surface
changed their directions of travel as they were elastically
scattered in the silicon oxide.7,19
Salvat and Parellada revealed elastic and inelastic scat-
FIG. 1. Number of Si 2p photoelectrons emitted from H-terminated Si~100!
and from Si substrate covered with 0.6, 1.2, or 1.8 nm thick silicon oxide
film: ~a! as function of azimuthal angle ~f! measured at polar angle ~u! of
35°: ~b! as function of polar angle ~u! measured at azimuthal angle ~f! of
45°. Solid curves were derived from simulation by considering both elastic
and inelastic scattering of photoelectrons in silicon oxide film.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject totering processes for photoelectrons in metal through Monte
Carlo simulation.20 Applying this model, we will discuss the
scattering process of Si 2p photoelectrons in silicon oxide to
obtain a scattering cross section. The simulations were done,
based on the following assumptions, to reveal the path of
Si 2p photoelectrons in oxide:
~1! The crystal structure of the Si substrate near the
SiO2 /Si interface is not changed by oxidation.21 Therefore,
we used the interference pattern from the H-terminated Si
surface as an initial pattern before scattering occurred in sili-
con oxide film.
~2! Angular deflections due to elastic scattering of Si 2p
photoelectrons can be calculated using the Wentzel model22
of Coulomb potential V(r) expressed by the following equa-
tion: V(r)5(Zq2/r)exp(2bar/a0), where r is distance from
the center of an atom, q is electron charge, Z is the atomic
number of the target atom, a0 is the Bohr radius, and a is the
screening constant expressed by the following equation; a
5Z1/3. Meanwhile b is an adjustable parameter and is equal
to 1 in the Wentzel model.
~3! The elastic scattering cross section @sel(p)# in sili-
con oxide is given by the following equation: sel(p)
5(1/3)sel Si(p)1(2/3)sel O(p), where sel Si(p) and
sel O(p) represent the respective elastic scattering cross sec-
tion for Si atoms and that for oxygen atoms and denote the
integration of the scattering cross section within a scattering
angle range of 0 to p.20
~4! The inelastic cross section (s in) represents the sum
of cross sections for all inelastic scatterings of Si 2p photo-
electrons in silicon oxide. An inner potential19,23 of 15.3 eV
was used to calculate the emitting direction of photoelectrons
from the oxide surface into the vacuum.
The solid curves in Figs. 1~a! and 1~b! were obtained by
Monte Carlo simulation with both a sel(p) and s in of 1.17
60.07310220 m2. They correlated well with the experimen-
tal results. Here, the value for sel(p) was obtained with a b
of 0.8060.03. The inelastic mean free path (Lox) of Si 2p
photoelectrons in silicon oxide was deduced to be 3.80
60.22 nm from a s in of 1.1760.07310220 m2 through the
following equation; Lox51/(noxs in). The value of Lox deter-
mined above was in an excellent agreement with the 3.8 nm
obtained theoretically by Tanuma et al.24
Figure 2 shows the dependence of spectral intensity of
FIG. 2. Dependence of Si 2p spectral intensity on the polar angle calculated
for samples with 1.0, 2.0, or 3.0 nm thick oxide films. Solid curves were
derived from the simulation by considering both elastic and inelastic scat-
tering of photoelectrons in oxide film, while dotted curves were derived
from the simulation by only considering inelastic scattering. The elastic
scattering of Si 2p photoelectrons in silicon oxide can effectively be ne-
glected in some photoelectron emission directions, which are indicated by
the vertical dashed lines. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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samples with 1, 2, or 3 nm thick silicon oxide films. The
solid curves were obtained when photoelectrons were scat-
tered elastically and inelastically in silicon oxide, while the
dotted curves were obtained when photoelectrons were only
scattered inelastically in silicon oxide. The values of sel(p)
and s in used in Fig. 1 were both 1.17310220 m2.
We will now discuss the accuracy of measuring oxide
film thickness using XPS with a small receiving angle, based
on the above discussion on photoelectron diffraction. In mea-
suring silicon–oxide film thickness, it is especially important
to measure photoelectrons which enter the vacuum in a di-
rection defined by a f of 45° and a u of 52° as indicated by
the one of the dashed lines in Fig. 2. There are two reasons
for selecting this particular direction:
~1! In this photoelectron-emitting direction, the elastic scat-
tering effect of Si 2p photoelectrons in silicon oxide on
photoelectron spectral intensity can effectively be ne-
glected and
~2! errors in aligning the direction of receiving photoelec-
trons at the detector with respect to the direction of pho-
toelectron emission can be minimized because changes
in Si 2p spectral intensity are marginal in this latter vi-
cinity.
Next we will discuss the efficiency of Lu and his col-
laborator’s methodology9 using XPS with a large receiving
angle. In Fig. 3, errors in oxide-film thicknesses were deter-
mined from Monte Carlo simulation with a f of 45° and a g
of 28°. We used a LSiO2 of 3.8 nm that was determined from
simulation. As we can see from the figure, the two photoelec-
tron emission angles ~f, u! of ~45°, 35.26°! and ~45°, 45°!
did not enable us to determine oxide-film thickness as Lu
et al. pointed out.9 Also, photoelectron emission angles ~f,
u! of ~45°, 52°! could not be used to determine oxide-film
thickness with a large receiving angle of 28°, although they
were effective with an extremely small acceptance angle ~2°!
as we can see from Fig. 2. However, the errors in oxide film
thicknesses are extremely small ~0.3%–1.3%! for photoelec-
tron emission angles ~f, u! of ~45°, 77.5°!, which correlates
well with the experimental results obtained by Lu et al.9 We
can thus conclude that photoelectron measurement with a
large receiving angle should be used where photoelectron
emission angles (f ,u)5(45°,77.5°), so that we can pre-
cisely determine oxide-film thicknesses.
FIG. 3. Errors in oxide film thickness determined from Monte Carlo simu-
lation of path of Si 2p photoelectrons in silicon oxide film with receiving
angle of 28° and using photoelectron takeoff angle as a parameter.Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject toTo summarize, we determined the number of Si 2p pho-
toelectrons emanating from a Si~100! substrate covered with
silicon oxide film as a function of azimuthal and polar angles
using the oxide film thickness as a parameter. The elastic and
inelastic scattering cross sections of Si 2p photoelectrons in
silicon oxide were deduced by reproducing the experimental
results with Monte Carlo simulation for the path of Si 2p
photoelectrons in silicon oxide. Based on the simulation, we
found that elastic scattering of Si 2p photoelectrons in sili-
con oxide could effectively be neglected in several specific
directions. We demonstrated that an emitting direction differ-
ent from these directions is indispensable when precisely de-
termining the thickness using XPS with a large receiving
angle.
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